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Abstract
The evolution of surface gravity waves is driven by nonlinear interactions that trigger an
energy cascade similarly to the one observed in hydrodynamic turbulence. This process,
known as wave turbulence, has been found to display anomalous scaling with deviation from
classical turbulent predictions due to the emergence of coherent and intermittent structures
on the water surface. In realistic oceanic sea states, waves are spread over a wide range
of directions, with a consequent attenuation of the nonlinear properties. A laboratory ex-
periment in a large wave facility is presented to discuss the effect of wave directionality
on wave turbulence. Results show that the occurrence of coherent and intermitted struc-
tures become less likely with the broadening of the wave directional spreading. There is no
evidence, however, that intermittency completely vanishes.
Keywords: wave motion, wave turbulence, intermittency, structure functions, ocean waves
1. Introduction
A continuous energy cascade from large to small scales characterises isotropic and homo-
geneous turbulent hydrodynamic flows [1, 2, 3]. At small scales, away from the boundaries
and in the limit of infinite Reynolds numbers, turbulence can be described by the scaling
properties of the structure functions Sp. These are determined as the moments of the distri-
bution of longitudinal velocity increments δu(τ) = u(t+τ)−u(t) over small time separations
τ [1, 2]: Sp(τ) = 〈|δu(τ)|
p〉, where u describes the flow velocity, t is the time, p denotes the
order of the statistical moment and 〈·〉 is the ensemble average. Note that reference to the
time domain is made upon the Taylor’s frozen turbulence hypothesis [4].
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Assuming that turbulence is statistically self-similar, there exists a unique scaling expo-
nent ζp such that Sp(τ) ∝ τ
ζp . Following Kolmogorov’s four-fifth law [1], the exponent scales
linearly as a function of the order p and more specifically ζp = p/3 (see [5] for a complete
review). Interestingly enough, as the second order structure function relates to the variance
of the spectral density, it can be demonstrated that in the inertial range the velocity spec-
trum decays as a power law of the energy E(ω) ∝ ω−ν , with ω the angular frequency and ν
the scaling exponent. Assuming a linear scaling for ζp, then the velocity spectrum is char-
acterized by a power law with ν = 5/3 [5]. There is experimental evidence, however, that ζp
scales nonlinearly, with departures from the Kolmogorov’s prediction becoming conspicuous
at higher orders [5, 6]. Divergence from the Kolmogorov’s scaling relates to the presence
of intermittent bursts of intense motions, which break self-similarity at small time scales.
These bursts induce strongly non-Gaussian statistics for the velocity increments, with depar-
ture from Gaussianity becoming more prominent as τ becomes smaller. This phenomenon is
normally known as intermittency and it characterises many different geophysical turbulent
flows [see, for example, 7, 8, 9]. As a consequence, the spectral slope deviates, albeit weakly,
from the equilibrium value of ν = 5/3.
On the surface of the ocean, where water depth can be assumed to be infinite (deep
water), the oscillation of the surface elevation η exhibits weakly nonlinear properties, which
are responsible for an energy flux cascading towards higher frequencies. In spectral space,
this corresponds to a power law that assumes the form E(ω) ∝ ω−4 at equilibrium [10, 11, 12,
13]. This cascading behaviour resembles the one described by the Kolmogorov-type velocity
spectrum in high Reynolds number flows and it is normally referred to as (weak) wave
turbulence [14, 15]. Despite the differences with classical turbulence, wave turbulence also
exhibits intermittent properties at small scales (see e.g. [16, 17]). These intermittent bursts
are associated with, but not necessarily limited to, the presence of coherent structures on
the water surface such as sharp-crested waves, propagating breaking waves and capillarity
bursts [18, 19, 20] and they are triggered by intense nonlinear interactions [21]. Under
these circumstances, the surface elevation tends to exhibits distinct non-Gaussian properties
[22, 23, 24]. By forcing the collision of incident and reflected wave fields in a large wave basin,
Deike et al. [21] observed a variation of the intermittent behaviour due to the emergence of
directional properties in the resulting wave field. The directional scatter of wave energy is a
intrinsic feature of ocean waves and produces a reduction of nonlinear forcing on the water
surface elevation [22, 23, 24]. Likewise, the surface elevation transitions to a more stable
Gaussian behaviour.
Colliding wave fields may force additional side effects such as an increase of wave ampli-
tude and the onset of wave breaking, which can enhance nonlinear forcing and thus com-
pensate the negative effect of directionality. Therefore, the role of directional spreading on
wave turbulence is still elusive. Based on laboratory experiments in a large directional wave
basin, the role of the wave directional spreading on wave turbulence and intermittency is ex-
plicitly investigated. A brief description of the experimental set up is provided in Section 2.
The method for calculating the structure functions in wave turbulence is detailed in Section
3. In Section 4 results are presented. First, the intermittent behaviour of a unidirectional
wave field is investigated. It is shown that results are consistent with previous experimental
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Figure 1: Schematic of the Ocean Engineering Tank at The University of Tokyo.
tests in e.g. [21]. Then, the dependence of intermittency on the directional properties of
the wave fields is discussed. Despite a notable weakening of wave turbulence with wave
directionality, experimental data indicates that intermittency does not completely vanish.
Concluding remarks are presented in Section 5.
2. Experimental conditions
Laboratory experiments have been undertaken in the Ocean Engineering tank of the
Institute of Industrial Science at The University of Tokyo (Kinoshita Laboratory and Rheem
Laboratory). The basin is 10 m wide, 50 m long. For the present experiment, the basin was
filled with fresh water to a depth of 5m (see Fig. 1). At one side, the facility is equipped
with a multidirectional digitally controlled wave-maker, consisting of 32 triangular plungers,
to generate random wave fields of prescribed spectral characteristics. At the opposite end,
a sloping beach is mounted to absorb incoming wave energy.
The instantaneous position of the water surface was measured by nine resistance wave
gauges. Probes were deployed along the tank at 5m intervals and at a distance of 2.5m from
the sidewall. In order to estimate the directional properties of the wave field, one six-probe
array arranged as a pentagon with one gauge at the centre of the tank was installed at 27m
from the wave-maker (see Fig. 1). Data were recorded at a sampling frequency is 100Hz
(the set up for this experiment is described in details in [25, 26]).
The water surface was forced by the wave-maker on the basis of a pre-defined input
directional wave spectrum of the type E(ω, θ) = S(ω) · G(θ), where S(ω) is the energy
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Figure 2: Analytical form of the directional distribution as a function of angle ϑ.
distribution in the frequency domain and G(θ) is the distribution in the directional (θ)
domain. The frequency spectrum was modelled according to a JONSWAP formulation [27]:
S(ω) =
αg2
ω5
exp
[
−
5
4
(
ω
ωP
)
−4
]
γexp[(ω−ωP )
2/2σ2jω
2
P
], (1)
where g is the acceleration due to gravity and σ is a constant equal to 0.07 for ω 6 ωP
(with ωP the angular frequency at the spectral peak) and 0.09 for ω > ωP ; γ is the peak
enhancement factor and defines the frequency bandwidth; α is the Phillip’s constant and it
defines the energy content of the spectrum. The directional distribution G(θ) was defined
with a functionG(θ) = AN cos
N(θ), where AN is a normalising factor andN is the directional
spreading coefficient [28].
Tests were carried out by imposing γ = 3 (a typical value for ocean waves), peak wave
period TP = 0.8 s and α = 0.01. This spectral configuration is characterised by a significant
wave height HS = 0.035m and a wave steepness, ε = kPHS/2 = 0.11, where kP is the
wavenumber associate to the spectral peak. Note that the wave steepness is a measure
of the degree of nonlinearity of the wave system. A value of 0.11, which is typical for
storm conditions [29], denotes a fairly nonlinear sea state (cf. [23]). To trace the effect of
directionality on wave turbulence, different experimental tests were carried out by changing
the directional spreading. Several values of the coefficient N were applied, ranging from N =
1000, a representation of an almost unidirectional sea state, to N = 10, a broad directional
distribution typical for a realistic oceanic wave field. A schematic of the different directional
distributions at the spectral peak that were applied in this experiment are presented in
Fig. 2. It is worth noting that the selected spectral configurations are prone to nonlinear
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Figure 3: Wave energy spectrum at the probe closest to the wave-maker (i.e. 5m from the wave-maker) in
black and corresponding input voltage spectrum imposed at the wave-maker in orange. The dashed vertical
line corresponds to the maximum frequency generated by the wavemaker, i.e. 2.5Hz.
effects and the statistical properties of the surface elevation are clearly non-Gaussian if
the directional spreading is narrow (N = 1000, i.e. the wave energy remains confined
around the spectral peak). A directional spreading of energy weakens nonlinearity and
forces the surface elevation to transition from a strongly to a weakly non-Gaussian process
(e.g. [22, 23, 24, 30]).
To generate surface waves, the input spectrum was discretised into 1024 equal energy
bins then converted into plunger motion superposing the Fourier modes with uniformly
distributed random phases and amplitudes in the interval [0, 2pi) for frequencies up to 2.5Hz;
this limit is a mechanical constraint of the plungers. In fact, the frequency spectrum of the
input signal (Fig. 3) displays a clear drop-off for frequencies higher than 2 times the peak
frequency. Nevertheless, it is worth noting that the wave spectrum already exhibits a well
defined tail at 5m form the wave maker. For directional distribution, the Single Summation
method was employed, assigning a single direction for each frequency component selecting
an angle randomly from the directional spreading function as a probability density function.
For each spectral configuration, a typical tests ran for 60 minutes. In order to gather enough
data for a statistical analysis, two realisations for the input spectral condition were carried
out with different random amplitudes and phases.
3. Structure functions
The theoretical framework developed for classical hydrodynamic turbulence [5] is com-
monly adapted to wave turbulence, but some notable differences stand. First and foremost,
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the spectrum of the surface elevation develops a spectral tail ω−4 due to the emergence of four
wave interactions driven by the weakly nonlinear properties of water waves [10, 11, 12, 13, 31].
We recall that the equilibrium slope of the spectrum relates to the value assumed by the
second order structure function, which is proportional to the variance of the surface elevation
increments in wave turbulence [32]. The surface elevation increments have to be computed
at the second order to restore the stationarity of the statistical properties of the surface el-
evation increments and, thus, apply the classical turbulence theory for such a spectral slope
[17, 21, 32]. However, the equilibrium tail can shift toward ω−5 when wave breaking dissipa-
tion becomes dominant. In laboratory experiments, moreover, mechanically generated waves
often exhibit a spectral tail with slope ω−5 or even steeper [21, 22, 33, 34]. Wave spectra
for the current experiments display in fact a spectral tail between ω−5 and ω−7 (see also
similar experiments in the same facility in [24, 33]). As an example, the spectrum calculated
for the unidirectional wave train is shown in Fig. 4. A similar behaviour was observed for
directional wave fields. We remark that the spectral tail is not forced by the wave-maker,
but naturally emerges as a result of wave-wave interaction that triggers the wave turbulence
cascade (see Fig. 3). The imposed discrete spectral energy naturally spreads in directions
as well, resulting in a formation of the continuous directional wave field. Under the present
experimental conditions, third-order differences of the surface elevation must be used [32].
These are defined as
δ(3)τ η = η(t+ 3τ)− 3η(t+ 2τ) + 3η(t+ τ)− η(t), (2)
where η denotes the surface elevation. The corresponding structure functions can thus be
expressed as
Sp(τ) = 〈|δ
(3)
τ η(τ)|
p〉. (3)
In classical turbulence and wave turbulence alike, determination of the scaling exponents
from the increments is challenging due to uncertainties related to viscous effects (finiteness
of the Reynolds number), inhomogeneity, anisotropy, violation of Taylor’s hypothesis, and
experimental errors [5, 35]. Whereas low order structure functions (p ≤ 4) are less prone
to uncertainties, errors become significant at high orders. To evaluate the scaling exponent
ζp more accurately, the Extended Self-Similarity (ESS) hypothesis can be employed [6]. In
classical turbulence, this hypothesis states that, given the exact exponent ζ3 = 1 [1, 2], the
other ones can be derived relatively to S3, i.e. Sp(τ) ∝ S3(τ)
ζp. Validity of the relative
scaling (relative to p = 3) extends beyond the inertial range allowing for a more robust
estimation of ζp [6]. The exact exponent, ζ3 = 1, does not hold in wave turbulence and
the second order structure functions has been used as a reference to apply the extended
self similarity (i.e. Sp ∝ S
ζp
2 ) [36] and overcome experimental uncertainties. Therefore,
ζp denotes a relative scaling exponent in this case. By using S2 as a reference structure
function, the scaling exponent becomes ζp = p/2 in absence of intermittent bursts.
4. Results
Without loss of generality, a detailed data analysis of wave turbulence and intermittency
is presented for unidirectional waves only. In order to include a sufficiently large data set
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Figure 4: Wave energy spectrum at the centre of the basin for the unidirectional wave train. The dashed
lines denote the reference slope ω−5 and ω−7 respectively.
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Figure 5: Example of the probability density function of the third order surface elevation increments for
three different time lags τ .
and statistical significance, records from the six-probe array at the centre of the tank are
considered herein.
A first indication of the properties of wave turbulence can be obtained by the probability
density function of the third order surface increments (Fig. 5). For large separation distances
(τ), the increments show a quasi-Gaussian behaviour. For small separations, on the other
hand, the probability density function displays heavy tail statistics, which is symptomatic
of an intermittent behaviour [32]. Statistics of the increments reveal that intermittency is
localised at the smallest scales (i.e. it is still clearly noticeable at τ/TP = 1/8), while it
disappears almost completely for separation larger than a quarter of the wave period.
The structure functions Sp of the surface elevation increments are estimated for orders
up to p = 6. An example of Sp as a function of the normalised time scale τ/TP is shown
in Fig. 6a. In a double logarithmic plane, the structure functions increase with the time
separation up to τ/TP ≈ 0.5. The subsequent drop in the structure functions at large τ
can be attributed to the periodic nature of water waves. Measurements separated by one
dominant wave period are likely to show high correlation. The structure functions only
display a linear trend over a very limited range of time lags, making the computation of the
exponent ζp uncertain especially for high orders p. The relative scaling exponent derived
from the extended self similarity approach is used (see Fig. 6b).
A least square method fit is applied to the data points in the plane S2 vs. Sp (Fig. 6b)
to extract the slope of the curves. This directly provides the relative scaling exponent ζp.
Exponents up to the order p = 6 are shown in Fig. 7. Deviation from the predicted ζp = p/2
for high order p confirms departure from classical turbulence predictions and the emergence
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Figure 6: Example of the structure function of the third order surface elevation increments up to the order
p = 6 as a function of the dimensionless time lag (a) and as a function of the second order structure function
(b).
of intermittent behaviour, which become more evident with the increase of the order p.
Results for unidirectional waves are consistent with observations reported in Deike et al.
[21].
A detailed analysis of the structure function for directional sea states indicates the per-
sistence of intermittency despite the broadening of the spectral shape. An example of the
exponents ζp as a function of the order p for the broadest directional sea (N = 10) is reported
in Fig. 7.
The role of the wave directional spreading on the strength of intermittency is summarised
in Fig. 8, where even exponents ζ4 and ζ6 are presented against the spreading coefficient
N . The respective reference values of 2 and 3 in the absence of intermittency are used as
normalising factors. The emergence of intermittency in the unidirectional sea state (N =
1000), in this respect, is denoted by a notable deviation from the benchmark values of 1
(no intermittency) and specifically ζ4/2 = 0.9 and ζ6/3 = 0.8. Departures from benchmark,
however, gradually lessens as the wave directionality broadens. For N approaching 10,
ζ4/2 = 0.94 and ζ6/3 = 0.87. The trend is more apparent for higher exponents, as expected.
The dependence of intermittency strength on directional wave properties mirrors the
one observed for the statistical properties of the surface elevation. Waves transition from
a strongly to a weak non-Gaussian state when the wave field spreads on directions [22, 23,
24, 30]. Nevertheless, even for the most directional wave field (N = 10), the normalised
ζ4 and ζ6 remain smaller than the benchmark value of 1. This indicates clearly that the
intermittency still persists despite directionality, albeit weak.
5. Conclusions
Records of the water surface elevation in a directional wave tank are used to explore
the effect of different spectral wave conditions on the properties of wave turbulence and
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Figure 7: Exponent of the structure function as a function of the order p as calculated in the middle of the
basin for unidirectional waves and directionally spread waves. The dashed line denotes the line ζp = p/2,
corresponding to a no intermittent behaviour.
Figure 8: Structure function exponent as a function of the directional spreading parameter N . On the left
axis, teal circles denotes ζ4 normalised by 2 (i.e. reference value for p = 4 in absence of intermittency).
On the right axis, orange squares denotes ζ6 normalised by 3 (i.e. reference value for p = 6 in absence of
intermittency). The error bar is computed as two times the standard deviation computed for the six probes
in the array.
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intermittency. Random directional sea states were generated mechanically (i.e. with the
movement of a plunger) by imposing a desired input directional wave spectrum at the wave-
maker. After generation, the wave field propagated freely along the basin. Nonlinear wave
interactions were the only driving factor on wave dynamics.
Results indicates that the surface elevation displays an intermittent behaviour with de-
viation from classical wave turbulence predictions. Nevertheless, experiments demonstrate
that intermittency strength reduces with the increase of the level of wave directionality. This
behaviour is consistent with the fact that the available energy for each spectral component
is reduced. In this regard, it is worth remarking the analogy between statistical properties
of the surface elevation and intermittency strength. However, although the surface elevation
transitions from a strongly to a quasi-Gaussian process, intermittency still persists without
completely vanishing.
Acknowledgements
The experiments were supported by the JSPS Fellowship for Research in Japan Program,
Grants-in-Aid for Scientific Research of the JSPS and the International Science Linkages
(ISL) Program of the Australian Academy of Science. M.O. received support from Progetto
di Ricerca d’Ateneo CSTO160004 and the “Departments of Excellence 2018–2022” Grant
awarded by the Italian Ministry of Education, University and Research (MIUR, L.232/2016).
A.A. and A.T. acknowledge support from the Air-Sea-Ice Lab Project. M.O. is grateful Dr.
B. Giulinico for discussions.
References
[1] A. N. Kolmogorov, Dissipation of energy in locally isotropic turbulence, in: Dokl. Akad. Nauk SSSR,
vol. 32, JSTOR, 16–18, 1941.
[2] A. N. Kolmogorov, The local structure of turbulence in incompressible viscous fluid for very large
Reynolds numbers, in: Dokl. Akad. Nauk SSSR, vol. 30, JSTOR, 301–305, 1941.
[3] A. N. Kolmogorov, On the degeneration of isotropic turbulence in an incompressible viscous fluid, in:
Dokl. Akad. Nauk SSSR, vol. 31, 319–323, 1941.
[4] G. I. Taylor, Diffusion by continuous movements, Proc. London Math. Soc 20 (1) (1922) 196–212.
[5] U. Frisch, Turbulence: the legacy of AN Kolmogorov, Cambridge university press, 1995.
[6] R. Benzi, S. Ciliberto, R. Tripiccione, C. Baudet, F. Massaioli, S. Succi, Extended self-
similarity in turbulent flows, Phys. Rev. E 48 (1993) R29–R32, doi:10.1103/PhysRevE.48.R29, URL
http://link.aps.org/doi/10.1103/PhysRevE.48.R29.
[7] G. Falkovich, K. Gawdzki, M. Vergassola, Particles and fields in fluid turbulence, Reviews of modern
Physics 73 (4) (2001) 913.
[8] P. De Michelis, G. Consolini, Time intermittency and spectral features of the geomagnetic field, Annals
of Geophysics .
[9] O. Alexandrova, V. Carbone, P. Veltri, L. Sorriso-Valvo, Solar wind Cluster observations: Turbulent
spectrum and role of Hall effect, Planetary and Space Science 55 (15) (2007) 2224–2227.
[10] V. E. Zakharov, N. N. Filonenko, Energy spectrum of stochastic gravitational waves, in: Dokl. Akad.
Nauk SSSR, vol. 170, 1966.
[11] V. E. Zakharov, N. N. Filonenko, Energy spectrum for stochastic oscillations of the surface of a liquid,
in: Soviet Physics Doklady, vol. 11, 881, 1967.
11
[12] V. Zakharov, V. S. L’vov, G. Falkovich, Kolmogorov spectra of turbulence I: Wave turbulence, Springer
Science & Business Media, 2012.
[13] M. Onorato, A. R. Osborne, M. Serio, D. Resio, A. Pushkarev, V. E. Zakharov, C. Brandini, Freely
decaying weak turbulence for sea surface gravity waves, Physical review letters 89 (14) (2002) 144501.
[14] A. C. Newell, S. Nazarenko, L. Biven, Wave turbulence and intermittency, Physica D: Nonlinear Phe-
nomena 152 (2001) 520–550.
[15] S. Nazarenko, Wave turbulence, vol. 825, Springer Science & Business Media, 2011.
[16] E. Falcon, S. Fauve, C. Laroche, Observation of intermittency in wave turbulence, Physical review
letters 98 (15) (2007) 154501.
[17] E. Falcon, S. G. Roux, C. Laroche, On the origin of intermittency in wave turbulence, EPL (Europhysics
Letters) 90 (3) (2010) 34005.
[18] C. Connaughton, S. Nazarenko, A. C. Newell, Dimensional analysis and weak turbulence, Physica D:
Nonlinear Phenomena 184 (1) (2003) 86–97.
[19] N. Yokoyama, Statistics of gravity waves obtained by direct numerical simulation, Journal of Fluid
Mechanics 501 (2004) 169–178.
[20] Y. Choi, Y. V. Lvov, S. Nazarenko, B. Pokorni, Anomalous probability of large amplitudes in wave
turbulence, Physics Letters A 339 (3) (2005) 361–369.
[21] L. Deike, B. Miquel, P. Gutie´rrez, T. Jamin, B. Semin, M. Berhanu, E. Falcon, F. Bonnefoy, Role of the
basin boundary conditions in gravity wave turbulence, Journal of Fluid Mechanics 781 (2015) 196–225.
[22] M. Onorato, L. Cavaleri, S. Fouques, O. Gramstad, P. A. E. M. Janssen, J. Monbaliu, A. R. Osborne,
C. Pakozdi, M. Serio, C. T. Stansberg, et al., Statistical properties of mechanically generated surface
gravity waves: a laboratory experiment in a three-dimensional wave basin, Journal of Fluid Mechanics
627 (2009) 235–257.
[23] Onorato, T. M., Waseda, A. Toffoli, L. Cavaleri, O. Gramstad, P. A. E. M. Janssen, T. Kinoshita,
J. Monbaliu, N. Mori, A. R. Osborne, et al., Statistical properties of directional ocean waves: the role
of the modulational instability in the formation of extreme events, Physical Review Letters 102 (11)
(2009) 114502.
[24] T. Waseda, T. Kinoshita, H. Tamura, Evolution of a random directional wave and freak wave occurrence,
Journal of Physical Oceanography 39 (3) (2009) 621–639.
[25] A. Toffoli, T. Waseda, H. Houtani, T. Kinoshita, K. Collins, D. Proment, M. Onorato, Excitation
of rogue waves in a variable medium: An experimental study on the interaction of water waves and
currents, Physical Review E 87 (5) (2013) 051201.
[26] A. Toffoli, T. Waseda, H. Houtani, L. Cavaleri, D. Greaves, M. Onorato, Rogue waves in opposing
currents: an experimental study on deterministic and stochastic wave trains, Journal of Fluid Mechanics
769 (2015) 277–297.
[27] G. Komen, L. Cavaleri, M. Donelan, K. Hasselmann, H. Hasselmann, P. Janssen, Dynamics and mod-
eling of ocean waves, Cambridge University Press, Cambridge, 1994.
[28] D. Hauser, K. K. Kahma, H. E. Krogstad, S. Lehner, J. Monbaliu, L. W. Wyatt (Eds.), Measuring and
analysing the directional spectrum of ocean waves, Cost Office, Brussels, 2005.
[29] A. Toffoli, J. Lefe`vre, E. Bitner-Gregersen, J. Monbaliu, Towards the identification of warning criteria:
analysis of a ship accident database, Applied Ocean Research 27 (6) (2005) 281–291.
[30] A. Toffoli, O. Gramstad, K. Trulsen, J. Monbaliu, E. M. Bitner-Gregersen, M. Onorato, Evolution
of weakly nonlinear random directional waves: laboratory experiments and numerical simulations, J.
Fluid Mech. 664 (2010) 313–336, doi:10.1017/S002211201000385X.
[31] A. Toffoli, D. Proment, H. Salman, J. Monbaliu, F. Frascoli, M. Dafilis, E. Stramignoni, R. Forza,
M. Manfrin, M. Onorato, Wind generated rogue waves in an annular wave flume, Physical review
letters 118 (14) (2017) 144503.
[32] E. Falcon, S. G. Roux, B. Audit, Revealing intermittency in experimental data with steep power spectra,
EPL (Europhysics Letters) 90 (5) (2010) 50007.
[33] T. Waseda, T. Kinoshita, H. Tamura, Interplay of resonant and quasi-resonant interaction of the
directional ocean waves, Journal of Physical Oceanography 39 (9) (2009) 2351–2362.
12
[34] Q. Aubourg, A. Campagne, C. Peureux, F. Ardhuin, J. Sommeria, S. Viboud, N. Mordant, Three-wave
and four-wave interactions in gravity wave turbulence, Physical Review Fluids 2 (11) (2017) 114802.
[35] F. Anselmet, Y. Gagne, E. Hopfinger, R. Antonia, High-order velocity structure functions in turbulent
shear flows, Journal of Fluid Mechanics 140 (1984) 63–89.
[36] S. Chibbaro, F. De Lillo, M. Onorato, Weak versus strong wave turbulence in the Majda-McLaughlin-
Tabak model, Physical Review Fluids 2 (5) (2017) 052603.
13
